The mass doubling times of exponential-phase cultures of Streptococcus faecalis were varied from 30 to 110 min by omitting glutamine from a defined growth medium and providing different concentrations of glutamate (ranging from 300 to 14 ,Ig/ml). After Formalin fixation, cells were dried by the critical point method, and carbon-platinum replicas were prepared. The surface area and volume of cell poles seen in these replicas were estimated by a computer-assisted, three-dimensional reconstruction technique. It was found that the amount of surface area and volume of poles seen in these replicas were independent of the growth rate of culture from which the samples were taken. These observations were consistent with the unit cell model hypothesis of Donachie and Begg, in which a small number of surface sites would produce a constant amount of new cell surface regardless of the mass doubling time of the culture. However, measurements of the thickness of the cell wall taken from thin sections of the same cells showed that the cell wall increased in thickness as a function of the increase in cellular peptidoglycan content which occurs when the growth rate of this organism is slowed down by a decrease in glutamate concentration. Thus, it would seem that although the size of polar shells made by S. faecalis is invariant with growth rate, the amount of wall precursors used to construct these shells is not.
In 1970, Donachie and Begg proposed a model in which, at the slowest possible exponentialphase growth rate, a cell of Escherichia coli would be enlarged by a single growth site producing a "unit cell" of new membrane (4) . As the growth rate of a culture increased, the number of growth sites per cell would also increase, but the amount of envelope produced per site would remain constant (i.e., one unit cell). Thus, the model predicted that: (i) the amount of envelope produced per site would be independent of the growth rate, and (ii) the smallest average size of a newborn cell, grown under the slowest possible conditions, would be equal to a unit cell. Unfortunately, the testing of this and other models in rod-shaped bacteria such as E. coli has had to rely on indirect methods to assess the number, location, and output envelope growth sites (15) .
In these types of studies, chain-forming cocci such as S. faecalis offer the distinct advantage that their envelope growth sites are localized between pairs of raised bands of wall material which can easily be seen in electron micrographs (see Fig. 1A ) (8) (9) (10) . Such sites are initiated by a nascent cross wall being assembled on the interior surface ofthe wall beneath a pre-existing band. Two new bands are formed as this nascent cross wall begins to split to form two new layers of peripheral wall. The further enlargement of these two peripheral wall surfaces (as a result of the continued constructive cleavage of the cross wall) causes the bands to be pushed from the center of a site. The peripheral wall produced from the complete symmetric severance of the cross wall results in the formation of two polar caps. Thus, unlike rod-shaped bacteria, each envelope growth site in a coccus produces only two new poles after a round of growth.
Here we have tested the unit cell model of To determine the thickness of cell walls of cells growing at different mass doubling times, cultures were fixed with Formalin as described above, counterfixed in osmium tetroxide, embedded in Epon 812, sectioned, stained with uranyl acetate and lead citrate, and analyzed as described below (5, 7).
Quantitation of electron micrographs. The surface area and volume of the poles seen in photographic enlargements of carbon-platinum replicas of cells ( Fig.  1 and 2) were determined by converting the perimeter of each pole (i.e., the perimeter external to the band markers) into a series of x,y coordinates with an electronic digitizer (Numonics Model 330; North Wales, Pa.). These coordinates were stored in a Tektronix 4051 computer (Beaverton, Ore.) and mathematically rotated around the principal axis of the cell to estimate surface area and volume of their polar surfaces ( Fig.  2) (6, 11) . In addition to these rotational estimates, other linear measurements were taken from each pole. These were the height and the equatorial radius (Fig.  2) .
To determine the thickness of cell walls observed in thin sections of cells, axial sections were selected and two measurements of wall thickness were taken from each cell pole and growth site seen in a cell (7) . At least 90 cells were measured from each sample examined.
Determination of rhamnose and peptidoglycan. The peptidoglycan content of ceUs growing at different doubling times was determined as described previously (2, 7) 
RESULTS
Cultures with TD ranging from 30 to 110 min were established; cells were taken from each of these cultures, and carbon-platinum replicas of their cell surfaces were made. The surface area and volume of the poles observed in electron micrographs of each population of cell replicas were estimated by using a rotational technique described in Materials and Methods. The cells were allowed to go through at least six doublings in mass before study to ensure that virtually all of the poles analyzed within a given population were produced in envelope growth sites of cells that had been growing at the stated TD. Figure  3 shows the frequency distributions of the volume measurements obtained from analyzing the poles found in each of the 11 cultures studied. In addition, for comparative purposes, the figure also shows a distribution of measurements from a group of unfixed cells (Fig. 3A) . The symmetry of the distributions of polar volume measurements about the means shown in Fig. 3 was examined under the hypothesis that under symmetry one half of the measurements would be expected to be greater than (and one half to be less than) the mean. This hypothesis was tested by applying a large sample test of the binomial proportion (p) to each set of measurements. The results of this test are shown in Table 1 other sample analyzed (n; Table 1 ). This concern was strengthened when closer examination of the data in Table 1 indicated that in 10 of the 11 samples the proportion of the observations greater than the mean was slightly less than 0.5. The probability of this number of samples showing p values less than 0.5 in truly symmetric populations was calculated to be 0.006. Thus, we conclude that (i) the distribution of measurements shown in Fig. 3 is similar, but most are skewed slightly toward the smaller volume measurements, and (ii) that the large sample test used in Table 1 is too insensitive to detect this level of skewness with the number of observations available.
Measurements have shown that the poles of S. faecalis continue to enlarge on the average of about 13% in volume and 10% in surface area after they are initially formed by cross-wall closure (11) . Thus, the predominance of poles with smaller volumes can be explained on the basis that in any population in exponential growth there should be twice as many newly formed poles with smaller volumes as there are larger poles produced one or more generations in the past.
To determine whether the mean pole volumes shown in Fig. 3 were dependent upon growth rate, each of these volumes was plotted in Fig.  4 as a function of its culture's exponential growth rate constant (a = ln2/TD[h]). Similarly, to determine whether some ofthe other shape-related measurements made from these poles were growth rate dependent, the average polar height, the equatorial radius, and surface area of each population (Fig. 2) were plotted in the same manner (Fig. 4) . The lines shown in Fig. 4 ( Fig. 6) indicates that the increase in cell wall thickness can be correlated with an increase in the amount of peptidoglycan per cell (rather than to any change in the amount of rhamnose accessory wall polymer). (4), which proposed that a single site of envelope growth would produce a fixed amount of membrane independently height (Ht), equatorial radius of growth rate. In S. faecalis, this fixed amount 'a), volume (Vol), and surface of membrane would be assumed to be equivalent )btained from the analysis pop-to the surface area of two poles produced by one in replicas of cells taken from of its envelope growth sites. growing cultures where rounds of envelope synthesis do not overlap (Fig. 7) .
Although pole size appeared to be independent of growth rate, the poles appeared to become slightly less elongated and their cell walls thicker at slow growth rates. The increase in cell wall thickness was correlated with an increase in the peptidoglycan content of cells (Fig. 6) . It has been shown that if the envelope growth sites in a culture of exponential-phase cells of S. faecalis are inactivated (such as by the addition of an inhibitor of protein synthesis), surface growth is inhibited and cell wall precursors accumulate in cells in the form of cell walls of greater than normal thickness (7) . In slowly growing exponential-phase cultures where the mass doubling time is greater than C + D minutes (i.e., greater than about 80 min), studies of synchronous cultures have shown that the rate of synthesis of cell wall precursors declines, but still continues in the early phases of a cell cycle (12) . However, it has been proposed that envelope growth sites would be introduced and would function in such cells only in the latter phases of the cell cycle (15) . This suggests that precursors made in the early part of the cycle of slowly growing cells could be involved primarily in thickening, whereas precursors produced in the latter phases of the cycle (after envelope growth sites have been introduced) would be used primarily in enlarging the cell surface. As cultures increase, their growth rate so that they are dividing faster than C + D minutes, the number of envelope growth sites per cell should increase in a manner similar to DNA replication initiations, and surface expansion would occupy an increasing fraction of the cell division cycle. The decrease in cell wall thickness observed in this study as the growth rate increases can be explained by proposing that an increasing number of envelope growth sites appearing in the rapidly growing cells would outcompete the thickening process for available cell wall precursors.
In summary, it seems that the sizes of poles in S. faecalis are apparently independent of growth rate (TD between 30 and 120 min); however, the geometry and the thickness of these structures are affected by changes in growth rate. The constancy of pole size in S. faecalis is remarkable enough to hypothesize that it might be a regulatory element in determining the size of cells at division. In this model, each surface growth site would produce a specific amount of surface area equivalent to that found on two cell poles.
